We show that the longitudinal beam polarization option at a future electron-positron collider provides an unambiguous distinction between low-scale seesaw models of neutrino mass. This is possible due to the fact that the pair production cross section of the heavy neutrinos in seesaw models is sensitive to the polarization of the initial lepton beams, and for a suitable choice of the polarization, shows a clear enhancement over the unpolarized cross section. More interestingly, the choice of the beam polarization for which the enhancement is maximum is governed by the size of the light-heavy neutrino mixing parameter. We also find that using this effect, one can probe a previously uncharted parameter space of the left-right seesaw model, which is complementary to the existing searches at both energy and intensity frontiers.
I. INTRODUCTION
The seesaw mechanism provides an elegant and natural way to understand the observed smallness of neutrino masses. The simplest version, known as the type-I seesaw [1] [2] [3] [4] [5] , requires the existence of heavy right-handed (RH) neutrinos with Majorana masses. Although the mass scale of these RH neutrinos is a priori unknown, the possibility of having them close to the TeV scale has received much attention in recent years, as this scenario could be directly tested in the ongoing Large Hadron Collider (LHC) experiments [6, 7] , as well as indirectly probed in various low-energy searches for rare lepton number violation (LNV) and/or lepton flavor violation (LFV) [8] . There are also theoretical arguments based on naturalness of the observed 125 GeV Higgs mass, which suggest the seesaw scale to be below ∼ 10 7 GeV [9] [10] [11] , thereby making the case of low-scale seesaw more compelling.
As far as the collider signals are concerned, in the minimal seesaw with just the Standard Model (SM) particles plus the RH neutrinos (denoted henceforth as the SM seesaw), the production of the RH neutrinos crucially depends on the size of the Dirac Yukawa coupling Y ν , defined by the Lagrangian
where φ is the SM Higgs doublet, ψ L = (ν, ) L (with = e, µ, τ ) is the SU (2) L lepton doublet, M N generically denotes the mass of the SM-singlet RH neutrinos N , and the superscript c stands for charge conjugation. Here, the key parameter is the light-heavy neutrino mix-
N , where M D = vY ν is the Dirac neutrino mass matrix and v is the electroweak vacuum expectation value, since the production cross section of the RH neutrinos at colliders is proportional to powers of |V N | 2 , depending on the production channel [12] [13] [14] [15] [16] [17] [18] [19] [20] . The √ s = 8 TeV LHC searches have put upper limits on |V N | 2 10 −2 − 1 (with = e, µ) for heavy neutrino masses in the 100-500 GeV range [21] [22] [23] . Note that the smallness of the left-handed (LH) neutrino masses in
0.1 eV usually requires |V N | 10 −6 100 GeV/M N , thus suppressing the prompt collider signals; however, there exist models in which cancellations in the seesaw matrix can allow for large mixing values within reach of current and future collider searches [24] [25] [26] [27] [28] [29] [30] [31] [32] .
A natural theoretical framework which provides a TeVscale renormalizable theory of the seesaw mechanism is the Left-Right (L-R) symmetric extension of the SM [33] [34] [35] . The two essential ingredients of seesaw, namely, the existence of RH neutrinos and the seesaw scale, emerge naturally in this scenario -the former as the parity gauge partners of the LH neutrinos, and the latter as the scale of parity restoration. This model predicts new gauge interactions for the RH neutrinos with the RH gauge bosons W R , Z , and therefore, new contributions to the collider signal of RH neutrinos [6, [36] [37] [38] [39] [40] [41] , which could be sizable for TeV-scale seesaw, independent of the size of the LH-RH neutrino mixing parameter V N . Using the smoking gun same-sign dilepton plus dijet ( ± ± jj) channel, W R masses up to 3 TeV and M N masses up to 2 TeV have been probed at the √ s = 8 TeV LHC [22, 42] .
In order to be able to directly probe the nature of the seesaw at colliders (i.e. whether it is SM seesaw or L-R seesaw, large mixing or small mixing, etc), it is important to distinguish between various contributions to a given RH neutrino signal. At the LHC, this is possible by studying various kinematics distributions [39, 43, 44] . In this paper, we present a new, simple way using the longitudinal beam polarization option at a future lepton collider, which generically applies to all existing proposals for an e + e − machine, including ILC [45] , FCC-ee (formerly TLEP) [46] , CLIC [47] , CEPC [48] , and even to muon colliders [49] (by just replacing e ↔ µ in our subsequent discussion). In particular, we show that with a suitable choice of the beam polarization, we can distinguish between LH and RH-current interactions by just measuring the total cross section of the pair-production process e + e − → N N , followed the RH neutrino decay N → ± jj (see Figure 1) . What is more remarkable is the fact that using this process, we can probe up to 6.6 TeV with a modest 500 fb −1 of integrated luminosity at √ s = 500 GeV, and up to 9.4 TeV with √ s = 1
TeV, which extend the testability of L-R seesaw to an unprecedented level well beyond the LHC reach, even with its most optimistic high-luminosity (HL) upgrade. The rest of the paper is organized as follows: in Section II, we make a comparative study of the unpolarized and polarized cross sections of our proposed signal at a generic e + e − collider. In Section III, we show the enhancement in the sensitivity of RH gauge boson searches by using the polarization effect. Our conclusions are given in Section IV.
II. COMPARISON BETWEEN UNPOLARIZED AND POLARIZED CROSS SECTIONS
We consider the heavy neutrino pair-production process e + e − → N N in the context of L-R seesaw (see Fig. 1 ). For earlier studies of various heavy neutrino signals at e + e − colliders (including the e − e − option), see e.g. Refs. [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] in the context of SM seesaw and Refs. [65] [66] [67] in the context of L-R seesaw. However, the distinct advantage of the process considered here under beam polarization effects (as will become apparent below) has not been discussed before to the best of our knowledge. For relatively large light-heavy neutrino mixing of the electron flavor V eN , the dominant contribution to the production cross section of the N -pair comes from the t-channel W L exchange [cf. Fig. 1 (a)], with a subdominant contribution from the s-channel (off-shell) Z exchange (for M N > M Z /2) [cf. Fig. 1(b) ]. On the other hand, for small V eN , the W, Z-mediated processes are suppressed by |V eN | 4 . In this case, for TeV-scale RH gauge boson masses, the W R -mediated t-channel process in Fig. 1(a) becomes dominant, its cross section being independent of V eN and only suppressed by (m W /M W R ) 4 . There is also a sub-leading contribution from the schannel exchange of off-shell Z , as shown in Fig. 1(b) . Both s and t-channel contributions are included in our numerical calculation. There are additional contributions from the s-channel exchange of the SM Higgs boson, as well as other heavy neutral scalars present in L-R seesaw; however, these contributions are negligible mainly due to their tiny Yukawa coupling to electrons.
Similarly, for the decay of the heavy neutrino, depending on the size of V N and M W R , either the LH or RH-current processes could dominate. For concreteness, let us assume a single heavy neutrino mass eigenstate which is dominantly of electron flavor, so that the mixing parameters V µN and V τ N can be safely ignored in the decay rate calculation. In this simplistic scenario, the LFV constraints from rare decays such as µ → eγ are not applicable. For large V eN , the two-body processes
± , Zν(ν), Hν(ν) (where H is the SM Higgs boson), respectively mediated by the LH charged-current and neutral-current and Dirac Yukawa interactions, are dominant, provided they are kinematically allowed. The respective partial decay widths are given by
where g is the SU (2) L gauge coupling strength. For M N m W , the ratio of the decay rates in Eqs. (2) becomes Γ(N → W e) : Γ(N → Zν) : Γ(N → Hν) 2 : 1 : 1. For M N < m W , none of the above 2-body decays is kinematically allowed, and one should instead consider the 3-body processes with off-shell gauge and Higgs boson exchange. For the analytic expressions of the relevant 3-body partial decay widths, see e.g. Refs. [17, 68] .
In L-R seesaw, one should also consider the 3-body decay N → W ± * R e ∓ → e ∓ jj mediated by purely RH charged-current interaction, with the partial width
where g R is the SU (2) R gauge coupling strength and we have assumed M N M W R , as favored by vacuum stability considerations [69, 70] . Thus, for on-shell production of N pairs, taking the narrow-width approximation, the total cross section of our proposed signal is given by
where BR(N → ejj) = Γ(N → ejj)/Γ N and Γ N is the total N decay width. When the 2-body decays of N are dominant, Γ(N → ejj) = Γ(N → W e)BR(W → jj) 0.676 Γ(N → W e). For heavy Majorana neutrino decays, the signal will consist of 50% same-sign and 50% 
opposite-sign dilepton events, both with 4 additional jets. The same-sign dilepton events suffer from much less SM background (mainly due to charge misidentification), as compared to the opposite-sign dilepton events, and therefore, we will focus on the same-sign events. But it is worth noting that even if we consider only the oppositesign dilepton events, which might indeed be the case when the same-sign dilepton signal is suppressed, as e.g. in low-scale SM seesaw models [26, 30] or in some variants of the type-I seesaw [71] [72] [73] [74] with approximate lepton number conservation, the main new result of this section, namely, the effect of polarization on the total cross section remains unchanged. In this sense, the results of this section are generically applicable to a wider variety of seesaw models.
Our numerical results for the signal cross section given by Eq. (4), calculated using a FeynRules [75] implementation of the L-R seesaw model [76] in MadGraph5 [77] , are shown in Fig. 2 for a modest value of center of mass energy √ s = 500 GeV. To see the effect of beam polarization on the total cross section, we have considered two benchmark cases: (i) large light-heavy neutrino mixing with |V eN | 2 = 10 −2 , which represents the SM seesaw case (with fine-tuning in the seesaw matrix), while satisfying the current experimental constraints from the LHC [23] and elsewhere [7] , and (ii) small light-heavy neutrino mixing with |V eN | 2 = 10 −12 , which represents the minimal L-R seesaw case (without any fine-tuning in the seesaw matrix). For concreteness, we assume g R = g L for the gauge couplings and choose a typical value of M W R = 3 TeV which is consistent with current experimental bounds [22, 42] . We have also imposed the basic trigger cuts p e T > 10 GeV, p j T > 20 GeV, |η e | < 2.5, |η j | < 5 and ∆R jj , ∆R ej > 0.4 on the final-state leptons and jets, following a generic ILC detector design [78] . We find that the cut efficiency for our signal is between 60-70% for M N > m W and drops rapidly for M N < m W .
In any case, we obtain sizable cross sections for heavy neutrino pair-production, as long as it is kinematically allowed.
Note that being a lepton collider, the e ± e ± + 4j signal enjoys a clean environment with virtually no SM background, except when the charge of one of the final state leptons in e + e − +4j is misidentified. However, the charge misidentification rate in the ILC detector [78] is expected to be very small, and certainly below that of the LHC, which is at the level of 1% [79] . Using MadGraph5, we estimate the SM background for e + e − + 4j at leading order after applying the same cuts as above to be 0.14 fb, 0.10 fb and 0.22 fb for the unpolarized, (+0.8, −0.3) and (−0.8, +0.3) configurations, respectively. Taking a conservative value of 1% for the charge misidentification rate at ILC, we infer that the SM background for our e ± e ± + 4j signal is negligible. Even in the worst case scenario when all four jets in the final state cannot be tagged, the total SM background for the corresponding inclusive process e ± e ± + nj (with n ≥ 2) is found to be of the same order as the signal cross section for the large mixing scenario.
For a given heavy neutrino mass M N , the small mixing case is expected to have a smaller total cross section, simply because of the (m W /M W R ) 4 
× 10
−7 kinematic suppression, as compared to the large mixing case, which is only suppressed by a factor |V eN | 4 = 10 −4 in our case, apart from the ∼ 50% branching fraction of the N → e ± jj final state. But what is more interesting in Fig. 2 is the relative change in the cross section when we switch on the beam polarization for the initial electron and positron beams, as compared to the corresponding unpolarized cross sections. In particular, for the large mixing case, since the heavy neutrino production is dominated by the t-channel W L exchange which is purely LH interaction, we expect an enhancement (suppression) of the cross section by making the electrons left (right)-polarized and positrons right (left)-polarized. This effect is demonstrated in Fig. 2 (left panel) by taking two realistic configurations with ±80% and ±30% polarization of the initial electron and positron beams, respectively. Now for the small mixing case, since the LH-current interactions are all suppressed by |V eN | 4 , the t-channel W R mediated process gives the dominant contribution to the signal. Here, we would expect just the opposite relative change in the polarized versus unpolarized cross sections, i.e. an enhancement (suppression) of the cross section by making the electrons right (left)-polarized and positrons left (right)-polarized. This is exactly what happens in Fig. 2 (right panel) . Therefore, just measuring the total cross sections and comparing those with and without beam polarization at an e + e − collider, one can effectively probe the heavy-light neutrino mixing parameter, which is an essential ingredient of the seesaw mechanism. In this way, one can unambiguously distinguish between different seesaw models. This is a generic result, applicable to all proposed designs for future e + e − machines, irrespective of whether they are linear (e.g. ILC, CLIC) or circular (e.g., FCC-ee, CEPC).
III. ENHANCED SENSITIVITY TO WR
For the large mixing case, e + e − → N N may not be the best discovery mode for heavy neutrinos, since the single heavy neutrino production mode e + e − → N ν is kinematically favored and has a larger cross section [61] . However, for the small mixing case, naturally arising in the minimal TeV-scale L-R seesaw models, we find that our proposed method gives the best signal sensitivity in most of the kinematically allowed heavy neutrino mass range, as compared to other existing projections from both high and low-energy probes. This is depicted in Fig. 3 , where we have plotted the 95% confidence level (CL) sensitivity contours in the (M W R , M N ) plane for our proposed signal, after including all relevant SM backgrounds, as discussed above, and computing the signalto-background ratio S/ √ S + B, where S (B) is the total signal (background) cross section multiplied by the integrated luminosity.
We have considered both √ s = 500 GeV and 1 TeV options, each with 500 fb −1 integrated luminosity. We find that even without including the enhancement in the cross section due to beam polarization as discussed above, one can still probe M W R up to 5.3 (7.5) TeV at √ s = 500
GeV (1 TeV), as shown by the blue (black) solid curves in Fig. 3 . Including the polarization effects, the sensitivity can be extended to 6.6 (9.4) TeV at √ s = 500 GeV
(1 TeV), as shown by the blue (black) dashed curves. Note that for small M N 70 GeV and depending on the W R mass, the 3-body decay rate given by Eq. (3) can become so suppressed that there is a non-negligible probability of it giving rise to a displaced vertex [80] . To account for this, we have included the probability factor 
3. 95% CL sensitivity contours in the (MW R , MN ) plane for our proposed signal at √ s = 500 GeV (blue) and 1 TeV (black) ILC, both without (solid) and including (dashed) polarization effects, as indicated by the values of (P e − , P e + ). For comparison, we also show the 95% CL excluded region from √ s = 8 TeV LHC (red, shaded) and 90% CL excluded region from current 0νββ searches (purple, solid), as well as the FCNC constraint on WR mass (magenta, dotted, vertical). The future limits from √ s = 14 TeV LHC (red, dotted), LHeC without (brown, solid) and with (brown, dot-dashed) polarization, as well as from a ton-scale 0νββ experiment (purple,dashed) are also shown.
where L = γτ N is the decay length of the heavy neutrino with proper lifetime τ N = 1/Γ N and γ = √ s/2M N is the Lorentz boost factor. We have taken L D to be 1 mm, beyond which we treat it as a displaced vertex signal, which should be analyzed differently [80, 81] , and dedicated searches at the intensity frontier, such as SHiP [82] could be more effective than ILC in probing these scenarios. Due to this reason, and also due to reduced cut efficiencies, our signal sensitivity drops rapidly for very low M N values. To put our results in perspective, we also show in Fig. 3 the current 95% CL exclusion (shaded) region from direct searches at the √ s = 8 TeV LHC (red, solid) [22, 42] .
The HL-LHC with √ s = 14 TeV and 3 ab −1 integrated luminosity can probe the region within the red, dotted curve [36] . We also compare our results with the projected sensitivity [83, 84] of an electron-proton collider, such as LHeC or FCC-eh, for an optimistic configuration of 7 TeV proton beam and 140 GeV electron beam, but with the same 500 fb −1 integrated luminosity and 1% particle misidentification rate as the ILC case, to make a fair comparison. The 95% CL results with unpolarized electron beam are shown by the brown, solid curve in Fig. 3 , which can be extended to the brown, dotdashed curve with +80% electron beam polarization [84] . It is clear that the ILC sensitivities derived here transcend both HL-LHC and LHeC projections, as long as the heavy neutrinos are kinematically accessible, simply due to the fact that lepton colliders provide much cleaner environments for new physics searches in the electroweak sector than hadron colliders.
There are also low-energy constraints on the W R mass from flavor changing neutral current (FCNC) processes, such as K − K and B d,s − B d,s oscillations, which effectively rule out M W R 2.9 TeV [85] [86] [87] . In addition, for the heavy Majorana neutrino coupling to the electron flavor, there are stringent constraints from non-observation of the rare LNV process of neutrinoless double beta decay (0νββ) [88] . Assuming that the purely RH current contribution to 0νββ is the dominant one and using the latest limit from GERDA phase-II on the half-life of 76 Ge, T 0ν 1/2 ≥ 5.3×10
25 yr at 90% C.L. [89] , one can also exclude a significant portion of the (M W R , M N ) plane [90, 91] , as shown by the purple, solid curve in Fig. 3 . The future ton-scale 0νββ experiments with a projected T 0ν 1/2 ≥ 10 27 yr [92] [93] [94] can rule out the region to the left of the purple, dashed curve. In any case, the ILC sensitivities are still better than the future limits from 0νββ for most of the parameter space shown here.
IV. CONCLUSION
In conclusion, we reiterate that future e + e − colliders provide an unprecedented opportunity for probing TeVscale seesaw models. In particular, the beam polarization option can be used effectively to distinguish between different contributions to the seesaw signal. We have shown that just measuring the total unpolarized and polarized cross sections of the process e + e − → N N can reveal the nature of the heavy neutrino interaction with the SM sector and probe the heavy-light neutrino mixing parameter. Moreover, applying this method to the minimal TeV-scale L-R seesaw, we can probe an uncharted swath of the parameter space, with the RH gauge boson mass reach up to 6.6 TeV for √ s = 500 GeV and up to 9.4 TeV for √ s = 1 TeV. This surpasses the future sensitivities to L-R seesaw as projected by other contemporary proposals, such as HL-LHC and LHeC at the high-energy frontier, and ton-scale 0νββ experiments at the low-energy frontier. Thus, we hope this study will add yet another physics impetus for a future e + e − machine.
